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In this paper we present the results of a systematic comparison between the values of the bond 
lengths, bond angles, and vibrational frequencies of group IV dihydrldes and tetrahydrides (XII,, 
XH,, X=Si,Ge,Sn,Pb), and monoxides (X0, X=Ge,Sn,Pb), as well as the XH4-?XI-Iz+H2 reaction 
energies, calculated with the spin-free (Cowan-Griffin based) quasirelativistic ab initio core model 
potential method (AIMP) and the all-electronDirac-Hartree-Fock method (DE-IF), using basis sets 
of similar quality in their valence part. The deviations between the AIMP and DHF results on the 
absolute values of the properties and on the sizes of the relativistic effects are of the order expected 
for an effective core potential method and follow the expected tendency of importance of the 
spin-orbit effects. The quality of the AIMP results is shown to be consistent going d0w.n the group 
IV of the Periodic Table. 
I. INTRODUCTION 
Effective core potential (ECP) methods are widely used 
as a practical means for including, in an approximate man- Ii 
ner, relativistic effects in molecular and solid state electronic 
structure calculations.’ Some of these methods rely on the 
pseudoorbital transformation and are known as pseudopoten- 
tial methods.2-6 Others do not rely on this transformation 
and rather handle node-showing valence orbitals which are 
approximations to the all-electron ones; these are known as 
model potential methods7-to and effective core potential 
methods.” What they all have in common is that they incor- 
porate the contributions of the major relativistic effects into 
the effective core potential, so enabling the calculations to be 
performed within traditional nonrelativistic schemes, if the 
spin-free core potentials are used; moreover, inclusion of 
spin-orbit effects does not usually mean dramatic changes in 
the computational methods.‘2-‘6 Probably it is this simplicity 
that made. them so popular for the study of relativistic 
effects,’ together with the reliability of the results, which has 
been made apparent mainly from comparison with experi- 
ments, since results of Dirac-Hartree-Fock (DHF) calcula- 
tions, of which the relativistic ECP methods ‘are an approxi- 
mation, were scarcely available.‘7,18 
Table. To our knowledge, no systematic comparisons with 
quasirelativistic model potentials or ECP’s using node- 
showing valence orbitals has been published for this group. 
In Ref. 9, the quasirelativistic version of the ab initio 
model potential method (AIMP) was proposed, following 
Katsuki and Huzinaga;” it shows the peculiar characteris- 
tics: (i) The effective core potentials are not parameterized in 
order to reproduce valence properties -of any kind, rather, 
they are obtained directly from the core orbitals which are 
arbitrarily kept frozen in the molecular calculation: in a qua- 
sirelativistic calculation, these core orbitals come from a 
Cowan-Griffin-Hartree-Fock atomic calculation.z6 (ii) 
Spectral representations of the mass-velocity and Darwin po- 
tentials corresponding to the atomic valence orbitals are 
added to the effective core potentials, so making these rela- 
tivistic effects explicit. The AIMP quasirelativistic results 
compared successfully with the available DHF calculations 
of Lee and McLeen17 on AgH.9 
Recently, efficient DHF codes have been developed and 
the results of systematic DHF calculations on molecules are 
being available,‘9-24 so providing a standard for comparison 
of the relativistic ECP methods. For methods which do not 
include spin-orbit effects, the all-electron no-pair 
approximation5 could perhaps provide a better standard, but 
DHF should be a good one as long as the spin-orbit‘effects 
are not large. DHF results on the group IV dihydrides, 
tethrahydrides, and monoxides, 
published’9,20-22,24 
have. been recently 
and systematic comparisons with a series 
of relativistic pseudopotential methods have been 
performed,20-22 reaching the conclusion that none of the sets 
of the relativistic pseudopotentials examined showed a con- 
sistent quality going down the group IV of the Periodic 
In this paper we present a systematic comparison of the 
DHF and the quasirelativistic AIMP results on the group IV 
hydrides and oxides, in order to monitor the quality of the 
spin-free quasirelativistic model potentials and basis sets” 
and their ability to represent genuine relativistic effects in a 
consistent manner going down a group of the Periodic Table. 
.~ 
II. METHOD :. 
The one-electron contribution to the quasirelativistic 
AIMP valence Hamiltonian of a molecule is9*” 
%-mail address: ARTI@vml.sdi.uam.es 
h(i)= - &Ai-- x (2%ZL,,)/I;,+ c V’*A’MP(i), (1) 
I I 
Vr*Arryrp( i) = VgzF( i) + V&$:(i) + V’fi( i) + VZ;g’(i) 
+ P’(i), (2) 
where I runs over the nuclei. In order to obtain all the com- 
ponents of the. AIMP, an atomic all-electron numerical 
Cowan-Griffin-Hartree-Fock calculatiot? is firstly per- 
formed, of which the core orbitals and the valence mass- 
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velocity and Darwin potentials obtained at self-consistency 
are stored. With these, the atomic core model potential com- 
ponents are built; they are as follows. 
(i) The Coulomb core model potential, 
@3rd = C 
AL exp( - a$~;~) 
1 
k rri 
where the parameters {A: , ai} are determined through least- 
squares fitting to the genuine core Coulomb operator (includ- 
ing - ZfOJrfi) corresponding to the Cowan-Griffin core or- 
bitals. 
[ii) The core exchange model potential plus the relativ- 
istic mass-velocity and Darwin model potentials, which are 
the spectral representation of the genuine operators on the 
subset of the molecular primitive basis set that is centered on 
each nucleus (note that the mass-velocity and Darwin poten- 
tials have already been fixed in the atomic calculatio? and 
they will never change during molecular self-consistency, so 
that boundary conditions at the nuclei are fulfilled): 
v:t;( i) + VgY( i) + v’dfq i) 
4-L 
I ,,,=-1 u,b 
where the {laZm;Z)} are the spherical primitive Gaussian- 
type functions in the molecular basis set centered on I, and 
the spectral representation coefficients A:;.:’ are the elements 
of the matrix 
A’,MP=(SI)-lEIIEMD(SI)-l, (5) 
where $ and I&,, are the overlap matrix and the matrix of 
the genuine core exchange plus mass-velocity and Darwin 
operators of atom I on the basis set {jaZm;Z)}. 
(iii) The core projection operator, 
core- I 
PI=- Iz 24Id)Ml~ (6) 
where 4 and 4: are the core orbital energies and functions of 
atom Z obtained in the Cowan-Griffin-Hartree-Fock calcu- 
lation. 
This quasirelativistic (Cowan-Griffin) AIMP method 
does not take into account spin-orbit interactions. A proce- 
dure for including them in molecular calculations, specially 
suited for the configuration interaction (CT) level, has been 
proposedi5,t6 following Wood and Boring.” All the calcula- 
tions reported in this paper exclude the spin-orbit interac- 
tion. 
III. DETAILS OF THE CALCULATIONS 
Since the aim of this work is to compare the quasirela- 
tivistic AIMP results with those of the all-electron DHF 
method, we have performed all our calculations at the self- 
consistent field (SCF) level using valence basis sets of simi- 
lar quality as the valence parts of the DHF bases. They are 
presented in Table I and correspond, in general, to a double- 
splitting of the valence plus the same number of polarization 
functions as used in the DHF calculations. The 3s and 4p 
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4050 2. Barandiarin and L. Seijo: Group IV hydrides and oxides 
contaminants are excluded. The quasirelativistic core model 
potentials and the valence basis sets of Si, Ge, and Sn corre- 
sponding to the [ns,ap]-valence have been taken from Ref. 
10; those of Pb, as well as the ones of the [(n- l)d,ns,np]- 
valence of Ge and Sn, have been obtained in this work. We 
have also obtained the respective AIMP’s and basis sets for 
the complete In-Xe and Tl-Rn rows. The resulting atomic 
valence basis sets are presented in the PAPS document;28 
libraries with the new core model potential and valence basis 
set data, as well as those of previous publications, are avail- 
able from the authors upon request. As in standard AIMP 
calculations, the polarization functions are taken from Ref. 
29; we have repeated all the calculations on the dihydrides 
and tetrahydrides using the same polarization functions as in 
the DHF calculations,“0’21 but this did not show any signifi- 
cant change of the results. The functions showing an “0” 
superscript are the outermost core orbitals of the given sym- 
metry block, which have been used in order to provide a high 
degree of two-center orthogonality between the valence mo- 
lecular orbitals and the corresponding core orbitals;30 the size 
of these orthogonalization functions can certainly be re- 
duced, but efforts in this direction have been omitted and, 
rather, the use of a [(n- l)d,ns,np]-valence and a smaller 
core is recommended for Sn and Pb rows, since any possible 
(n - 1 )d participation in bonding can be represented without 
significant increase of the basis set size. 
In order to calculate the magnitude of the relativistic 
effects on the properties under consideration, nonrelativistic 
AIMP calculations are necessary. We have performed these 
using the nonrelativistic AlMP’s and valence basis sets cor- 
responding to the [ 3s,3p ] -valence of Si, which have been 
taken from Ref. 30, and the [(n-l)d,ns,np]-valences of 
Ge, Sn, and Pb, which have been obtained in this work and 
are available from the authors upon request. 
IV. RESULTS AND DISCUSSION 
Bond lengths and vibrational frequencies of the XH4 
molecules are given in Table II; their deviations from the 
DHF calculations of Dyall et al.” are presented in Fig. 1 
(r,) and PAPS document2* (w,j, together with the results of 
the quasirelativistic pseudopotential methods studied there.2o 
The results of a recent energy-adjusted pseudopotential 
calculation3’ are also included. All these AIMP results re- 
main within error limits that one should accept for ECP 
methods, even at the nonrelativistic level, since the basic 
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TABLE II. Bond lengths r, (A) and breathing mode vibrational frequency ~,(a~) (cm-‘) of the XHd molecules. Numbers in parentheses correspond to the 
relativistic effects. 











































2347 2349( + 1) 2246 
2281 2273(+19) 2281(M) 2168 
2063 2039(+ 12) 2073(+ 14) 1955 
2001 1978( +77) 2017(+49) 
‘Reference 20. dTaken from Ref. 20. 
‘This work. “References 19. 
qelativistic correction included by perturbation theory (Ref. 20). ‘Reference 19, with a reported accuracy of around 20 cm-‘. 
approximations involved of freezing the core and represent- 
ing operators cannot be removed. The r@ values stay within a 
0.01 A margin and the w, errors are at most of 30 cm-‘. 
Also, the deviations from the DHF reference is stable down 
the group IV, this is probably the most remarkable difference 
between the AIMP results and those of the pseudopotential 
methods studied on Ref. 20. The energy-adjusted pseudopo- 
tential calculations of Steinbrenner et aL31 enjoy as well this 
stability. 
Group IV tetrahydri deo 
0.02 / 
i CHB Sit-b, Ge& SnH4 PbH4 
FIG. 1. Bond lengths of the group IV tetrahydrides referred to the all- 
electron Dirac-Hartree-Pock results of Ref. 20. PT: perturbation theory 
(Ref. 20). AlMP: this work. CER: pseudopotentials of Ref. 4. I&VI pseudo- 
potentials of Ref. 3. EAPP: energy-adjusted pseudopotentials of Ref. 31. 
The CER and HW results have been calculated in Ref. 20. Dashed lines 
stand for [ns,np]-valence calculations; full lines stand for [(n 
_ l)d,ns,np]-valence calculations. 
The relativistic effects are also presented in Table II 
(numbers in parentheses). The AIMP ones have been calcu- 
lated as the difference between the quasirelativistic AIMP 
results and the nonrelativistic AIMP ones. (Note that these 
calculations use different model potentials and basis sets, 
keeping only in common the size of the basis sets and the 
polarization functions.) The relativistic effects on re are well 
reproduced and the same is true for o, except for that of 
PbH, which, although qualitatively correct, is overestimated. 
We should bear in mind, in any case, that the accuracy of the 
vibrational frequencies obtained by fitting procedures such as 
those of Ref. 20, also used here, is limited, so that the num- 
ber of significant figures of the o, would hardly be larger 
than 3. 
In Table II the bond lengths and vibrational frequencies 
corresponding to the DHF calculations by Visser et a1.l’ are 
also presented. The most remarkable difference between 
these calculations and the ones by Dyall et aZ.*’ seems to be 
the basis set. As it can be observed, the differences between 
both DHF results are much larger than those between DHF 
and quasirelativistic ECP methods which use basis sets of a 
similar kind in their valence parts. This could indicate that a 
not too successful selection of a basis set for an all-electron 
DHF calculation could lead to more error in the absolute 
values of these properties than the intrinsic approximations 
involved in quasirelativistic ECP methods, in spite of the fact 
that the relativistic corrections to the r, and we of the group 
IV tetrahydrides do not appear to be very sensitive to the 
details of the basis sets in DHF calculations.20 
The results for the XH, molecules are given in Table III; 
their deviations from the DHF calculations of Dyall” are 
presented in Fig. 2 (r,) and PAPS document2’ (bond angle, 
symmetrical stretching vibrational frequency, and bending 
vibrational frequency,) together with the resuIts of some qua- 
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91.88( -0.75) 91.53(-1.11) 
Vibrational frequency w, (cm-‘) (symmetric stretching) 
SiH, 2187(-3) 2184 2189(-l) 2032 
GeHs 2059(- 12) 2023 2015(-10) 2060(-11) 1887 
SnH2 1874(-24) 1850 1833(-4) 1886(-9) 
PbH, 1753(-55) 1658 1669(-42) 1763(-45) 
Vibrational frequency q (cm -“) (bending) 
SiHs 1116(O) 1109 1116(O) 100s 
GeHa 1036(f2) 1026 102i(t3) 1038(M) 920. 
SllH~ 884(+3) 878 871(+11) 890(+9) 
PbH, 813(-4) 815 802(+ 17) 842(+25) 
Vibrational frequency os (cm-‘) (asymmetric stretching) 
SiH, 2178(-Z) 2188 2179(- 1) 2022 
GeH2 2057(- 10) 2025 2017(- 10) 2058( -9) 1864 
SnH? 1867(- 17) 1850 1834(-4) 1880(-4) 
PbH2 1745(-52) 1832 1669(-42) I757(-40) 
aReference 21. 
9% work. 
‘Relativistic correction included by perturbation theory (Ref. 21). 
dTaken from Ref. 21. 
sirelativistic pseudopotential methods.“’ The XH,-+XH,+H, 
reaction energies AE, (kcal/mol) without zero-point correc- 
tions appear in Table IV. As in the case of XH4 molecules, 
the AIMP Y, values remain within acceptable margins of 
error, the deviations varying smoothly down the group. Bond 
angles are also acceptable. The agreement of the vibrational 
frequencies is again poorer. The AIMP reaction energies are 
of the correct order, both in their absolute values and in their 
variation down the group. The sizes of the relativistic et‘fects 
are, in general, well calculated, especially those on Y, ; they 
are very close to the ones estimated by perturbation theory, 
as one could, .i.n principle, expect, since both perturbation 
theory (PT) and AIMP methods include relativistic effects 
through the explicit use of mass-velocity and Darwin opera- 
tors. This is consistent with negligible spin-orbit effects on 
r, and 0, of the ground states of GeH2, SnH,, and PbHz, as 
found by Balasubramanian32 by means of spin-orbit Cl cal- 
culations using core pseudopotentials of Refs. 4 and 14. The 
relativistic effects on AE, are in accordance with estimates 
of the spin-orbit contributions of -7 kcal/mol for lead hy- 
drides and of ~-1 kcal/mol for tin hydrides.21 This contribu- 
tion has been, however, calculated to be of marginal influ- 
ence for lead hydrides (-0.7 kcal/mol) in an energy-adjusted 
quasirelativistic pseudopotential calculation using a 
[6s,6p]-valence for Pb.33 [Note that the spin-free SCF re- 
r Group IV dihydrides 
A/,’ /CER 
/ ,AIMP 
2 0.01 /4 






- -0.01 / 
.\“I- ‘\ \H W  
L SiH2 GeH2 SnHg Pb H2 
FIG. 2. Bond lengths of the group IV dihydrides referred to the all-electron 
Dirac-Hartree-Fock results of Ref. 21. The CER and HW results have been 
calculated in Ref. 21. See footnotes on Fig. 1. 
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TABLE IV. XH,+XHztHz reaction energies AE, (kcallmol) without zero- 
point corrections. Numbers in parentheses correspond to the relativistic ef- 
fects. 
l(n- 1 )d,ns,npl 
DHF” QR-AIMPb PT 
X=Si 62.3(-0.6) 62.6(-0.3) 
X=Ge 42.4(-3.1) 41.7(-2.1) 42.6(-2.9) 
S=Sn 23.2(-7.7) 21.6(-6.6) 26.6(-4.3) 
X=Pb -6.2(-27.4) -2.2(-18.7) 7.1(-13.5) 
‘Reference 2 1. 
%s work. 
CRelativistic correction included by perturbation theory (Ref: 21). 
sults of this Ref. 33 show very good quality: 
r,(PbH,) = 1.742(-0.066)& r,(PbHJ=1.834(-0.023)& 
tiJPbHJ=92.3(-0.5)0, AE,(PbH+PbH,+HJ 
=-3.0(-27.2) kcal/mol, the relativistic effects being in pa- 
rentheses. J 
Finally, the results for the monoxides are given in Table 
V and the deviations from the DHF calculations of Dyallz2 
are presented in Fig. 3 (TJ and PAPS document2s (w,). The 
same kind of comments on the absolute values can be made 
here. The AIMP bond lengths show deviations from the all- 
electron calculations which are of the size usually accepted 
for the intrinsic approximations involved in an ECP method, 
disregarding its nonrelativistic or quasirelativistic nature. ln 
any case, the value of the bond length of PbO calculated with 
the [6s,6p]-valence of Pb is comparatively poorer than 
those of the rest of the molecules; this is consistent with a 
certain participation on the bonding of the 5d orbitals of Pb, 
enhanced by the presence of oxygen, and it suggests the 
systematic use of a [5d,6s,6p]-valence AIMP for Pb and its 
row as a safe procedure. 
The deviations from the DHF results vary smoothly from 
Ge to Pb, in agreement with the growing importance of the 
spin-orbit effects in these oxides down the group;22 they 
follow the tendency of the PT calculations; here, and with 
respect to the hydrides, the different behavior of the AIMP’s 
and the pseudopotentials studied in Ref. 22 is enhanced. 
Also, the relativistic effects calculated with then AIMP 
method (i) are closer to the PT results than to the DHF ones, 
Group IV monoxides 
RG. 3. Bond lengths of the group IV monoxides referred to the all-electron 
Dirac-Hartree-Fock results of Ref. 22. The CER and HW results have been 
calculated in Ref. 22. See footnotes on Fig. 1. SKBJ: pseudopotentials of 
Ref. 34. The full dot is the all-electron DHF result of Ref. 24. 
(ii) are larger than the DHF results, in agreement with the 
fact that spin-orbit effects partially cancel the relativistic 
contraction resulting from the spin-free terms in these 
molecules,“’ and (iii) are smaller than in the hydrides, coin- 
ciding with the PT results. 
The vibrational frequencies are, as in the hydrides, 
poorer when compared with the DHF reference values; they 
are much closer to the PT ones. 
Another DIIF calculation on PbO has been published by 
Matsuoka et c~l.,~” which differs from the DHF calculation by 
TABLE V. Bond lengths re (A) and vibrational frequencies o, (cm-‘) of the X0 molecules. Numbers in parentheses correspond to the relativistic effects. 
DHI? 
lasJV1 [(n- r)~,ns,npl 
QR-AJMPb QR-AIMPb Pl= Expt.d 




1.594(-0.003) 1.592 1.593(-0.004) 1.593(-0.004) 1.625 
l.SOl(-0.007) 1.795 1.803(-0.010) 1.797(-0.011) 1.833 
1.893(-0.014) 1.854 1.878(-0.029) 1.871(-0.036) 1.922 
1.882(-0.015) 





2281 1144(+1) 1124(-3) 987 
2063 971(-t3) 954(- 1) 815 
2001 870( -6) 867(-6) 721 
aReference 22. 
?his work. 
“Relativistic correction included by perturbation theory (Ref. 22). 
dTaken from Ref. 22. 
“Reference 24. 
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Dyall” in the basis set used and in the fact that the neglect of 
integrals involving small components assumed by Dyal12’ is 
disregarded. The values of ye and o, are included in Table V 
and Fig. 3. We can observe that the differences in re are of 
the same size as in the case of our best AIMP calculation. 
The relativistic effects on ye and w, are very close for both 
DHF calculations. The DHF value of the dissociation energy 
D, of PbO reported by Matsuoka et al.24 is 1.3 eV, with a 
relativistic effect of -0.1 eV, the [(n- l)d,ns,np]-valence 
quasirelativistic AIMP results are 0.9 and -0.2 eV, respec- 
tively. 
V. CONCLUSIONS 
A systematic comparison of the results of spin-free 
(Cowan-Griffin based) quasirelativistic ab iaitio core model 
potential calculations and all-electron Dirac-Hartree-Fock 
calculations using basis sets of similar quality in their va- 
lence part, on the bond lengths, bond angles, and vibrational 
frequencies of group V tetrahydrides, dihydrides, and mon- 
oxides, have been conducted, which reveals a consistent be- 
havior of the AIMP’s down the group VI of the Periodic 
Table. 
The bond length (and bond angle) deviations from the 
DHF results are within the margins expected for an effective 
core potential approach. (Similar or even larger deviations 
can be found, in fact, between DHF calculations using dif- 
ferent basis sets.) The vibrational frequencies show larger 
deviations, though not much larger than the accuracy ex- 
pected from the fitting procedures used for their calculation. 
The XlQ-+XH2+H2 reaction energies show an acceptable 
agreement. 
The relativistic effects on the properties under study, 
when calculated as the difference between quasirelativistic 
and nonrelativistic AIMP calculations, show a systematic 
qualitative agreement with the DHF results, which is often 
also quantitative. This is in part a consequence of the spin- 
orbit effects not being very large here; in any case, the dis- 
agreement with the DHF relativistic effects follows the ten- 
dency expected on the basis of the growing importance of 
the spin-orbit interactions. In fact, the AIMP relativistic ef- 
fects are in general closer to the perturbation theory values, 
as one could expect, since both methods handle spin-free 
relativistic corrections through the use of mass-velocity and 
Darwin operators. 
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